A role of NMDA receptors in corticostriatal synaptic plasticity is widely acknowledged. However, the conditions that allow NMDA receptor activation in the striatum in vivo remain obscure. Here we show that NMDA receptors contribute to sustain the membrane potential of striatal medium spiny projection neurons close to threshold during spontaneous UP states in vivo. Moreover, we found that the blockade of striatal NMDA receptors reduces markedly the spontaneous firing of ensembles of medium spiny neurons during slow waves in urethane-anesthetized rats. We speculate that recurrent activation of NMDA receptors during UP states allows off-line information flow through the striatum and system level consolidation during habit formation.
Introduction
NMDA channel opening requires concurrent postsynaptic depolarization and glutamate binding. This coincident detection ability presumably underlies NMDA receptor (NMDAR) involvement in learning. Recent studies suggest that, in addition to online activation during learning, off-line NMDAR reactivation could be necessary for proper memory consolidation and storage (Wang et al., 2006) . Moreover, NMDARs may play a more basic role in shaping spontaneous activity or information flow in the brain (Daw et al., 1993; Schiller and Schiller, 2001) . Nevertheless, the conditions that allow NMDAR activation in the striatum in vivo remain unclear.
The striatum is the main recipient of cortical inputs to the basal ganglia. Its medium spiny projection neurons (MSNs), which constitute 90% of the striatal neurons, relay salient cortical inputs to basal ganglia output. This flow of information is likely involved in the initiation and sequencing of learned actions (Graybiel, 1998) and in habit formation through NMDARdependent corticostriatal plasticity (Kelley et al., 2003; Pawlak and Kerr, 2008) . Action potentials in MSNs only occur during plateau depolarizations called UP states, which are induced by excitatory input during waves of cortical firing (Mahon et al., 2001; Tseng et al., 2001; Kasanetz et al., 2006) . Thus, UP states enable information flow through the striatum (Wilson, 1993; O'Donnell and Grace, 1995) . Computational modeling and in vitro studies suggest that the NMDAR contributes to sustain the MSN UP state (Cepeda et al., 1993; Vergara et al., 2003; Wolf et al., 2005; Tseng et al., 2007) . Moreover, excitatory amino acids induce plateaus and firing in the striatum in vivo via NMDAR selective effects (Herrling et al., 1983) . However, the UP states recorded under ketamine anesthesia look similar to those seen under other anesthetics that lack of antagonist effects on NMDARs (Wilson and Kawaguchi, 1996; Mahon et al., 2001 ). Thus, although some studies suggest that NMDARs contribute to membrane depolarization and bistability in MSNs, direct in vivo evidence to support this view is lacking. Here, we assessed the contribution of striatal NMDARs to UP states and spontaneous firing in rat MSNs in vivo.
Materials and Methods
Adult male Sprague Dawley rats were used and cared for in accordance with institutional (CICUAL-RS2079/2007, UBA) and government (SE-NASA-RS617/2002, Argentina) regulations. All methods including signal analysis were similar to those described previously (Tseng et al., 2001; Kasanetz et al., 2006; Belluscio et al., 2007; Zold et al., 2007; Kasanetz et al., 2008) . Recordings were performed under urethane anesthesia [1.2 g/kg i.p. initially, then supplements as in the study by Kasanetz et al. (2006) ]. Briefly, a concentric bipolar electrode was positioned in the deep layers of the motor cortex to record the local field potential (LFP; 0.1-300 Hz) as described by Kasanetz et al. (2008) . Then, a microdialysis probe (2 mm of exposed membrane; Bioanalytical Systems) was vertically inserted into the striatum (ϩ1.5 mm from bregma, 2.5-3 mm from midline, 5.5-6 mm below cortical surface) (Paxinos and Watson, 1997) and perfused at 2 l/min with artificial CSF (aCSF). A precision switch with zero dead space allowed perfusing the cannula with either aCSF or aCSF containing drug. The composition of aCSF was (in mM): 147 NaCl, 3 KCl, 0.8 MgCl, 1.2 CaCl 2 , 2.0 NaH 2 PO 4 , 2.0 Na 2 HPO 4 ; osmolarity: 290 -300 mOsm/L; pH 7.4 (West et al., 2002) . In different rats, intracellular or multiunit activity (MUA) was recorded from the dorsal striatum ipsilateral to the LFP recording, 0.5-1 mm caudal to the dialysis probe. For intracellular recordings, a glass electrode (2 M potassium acetate and 1% Neurobiotin, 60 -90 M⍀) was lowered with an angle of 20°in the coronal plane into the striatum (3-5 mm from brain surface). After cell penetration and complete removal of hyperpolarizing current, we examined the stability of the recordings for 2-5 min before starting experimental protocols. MUA was recorded through a multielectrode (16-channels, 200 m vertical site spacing, 500 m horizontal shank spacing; NeuroNexus Technologies) positioned so as to yield a maximum of channels showing spontaneous spikes. After recording baseline activity during aCSF infusion, we studied the effect of competitive NMDAR antagonists on striatal activity [2-amino-5-phosphono-pentanoic acid (AP-5), 100 or 200 M; Ϯ2-amino-4-methyl-5-phosphono-3-pentanoic acid ethyl ester (CGP39551), 20 M]. Preliminary experiments showed that AP-5 at 100 M had no effect on MUA at 2 mm from the dialysis probe (data not shown). Considering that, because of diffusion, drug concentration at recordings sites was necessarily lower than in the probe, tissue concentrations of AP-5 yielded in the present study should compare favorably with those producing NMDAR selective effects in vitro (Vergara et al., 2003; Pawlak and Kerr, 2008) . Because striatal activity is modulated by global brain states (Kasanetz et al., 2002) , all measures were performed on signals showing similar cortical slow wave activity, as assessed from LFP auto-spectra (5-30 min of baseline activity and 5-15 min under drug effect). Spike sorting was performed as described by Zold et al. (2007) . Channels showing inconsistent spiking during the baseline period were not included in the analysis. The effects of NMDAR antagonism on the power of different frequency components of UP states was assessed as described in supplemental material, available at www.jneurosci.org. Probe positions were established postmortem. That of the multielectrode was determined by visualization of fluorescent material left along the electrode track (DiI, Invitrogen) . Some MSNs were labeled with Neurobiotin, which was visualized through a peroxidase reaction.
Results

AP-5 reduces UP state amplitude
We recorded the UP states of MSNs simultaneously with the motor cortex LFP in urethane-anesthetized rats. The basic physiological properties of MSNs recorded in naive rats not implanted with microdialysis probes were compared with those of MSNs recorded at Ͻ1 mm from a probe ( Fig. 1 A, B) . No differences were observed in input resistance, UP state amplitude or duration, threshold, and action potential amplitude (Table 1 ), suggesting that the probe did not disturb the environment around the recording electrodes (West et al., 2002) .
To determine whether NMDARs contribute to striatal UP states, we recorded the membrane potential of MSNs under To allow comparing the slope of the waveforms, those corresponding to AP-5 were also scaled to the baseline maximum (gray lines). The time axis was inverted for transitions to the DOWN state, to allow assessing putative hysteretic effects of AP-5 (Wolf et al., 2005) . Note that AP-5 reduced UP state amplitude without changing UP state slopes. D, Effect of AP-5 on UP state amplitude (left). AP-5 was infused at 100 M in seven and at 200 M in two rats (filled squares). Right, Lack of change of UP state amplitude in eight MSNs recorded under continuous aCSF (circles) and nine MSNs recorded in naive rats (crosses). *p Ͻ 0.001 versus baseline, Tukey test after p Ͻ 0.006 interaction in a two-way ANOVA with MSN group and treatment (repeated measure) as factors. E, Simultaneous cortical LFP and intracellular recording in one rat treated with AP-5 100 M. Spontaneous firing ceased during AP-5 administration. F, Expanded view (500 ms after transition) of three consecutive UP states in the baseline condition and under AP-5 in another MSN. G, Frequency dependent effect of AP-5 on membrane potential during UP states. *p Ͻ 0.001 versus baseline, Tukey's test after p ϭ 0.003 interaction in a two-way ANOVA. For technical details, see supplemental material (available at www.jneurosci.org).
aCSF for 10 min (baseline), and then for another 15-20 min under aCSF alone or aCSF containing the competitive NMDAR antagonist AP-5. AP-5 (100 -200 M, n ϭ 9) consistently reduced UP state amplitude from 13.2 Ϯ 1.4 mV during baseline to 8.8 Ϯ 0.9 mV (mean Ϯ SEM, p Ͻ 0.05) (Fig. 1C,D) . In contrast, UP state amplitude did not change under continuous aCSF (baseline: 11.4 Ϯ 1.4 mV; 15 min later: 11.1 Ϯ 1.6 mV; n ϭ 8) or in naive rats (baseline: 14.3 Ϯ 1.1 mV; 20 min later: 13.9 Ϯ 0.9 mV; n ϭ 9) (Fig. 1 D; supplemental material, available at www.jneurosci. org). Additionally, in two MSNs that fired spontaneously, AP-5 inhibited the firing. One of them could be recorded for long enough to washout AP-5 effects and showed complete recovery of its spontaneous firing (Fig. 1 E) . Confirming the above findings, AP-5 reduced the power of the low frequency components of the membrane potential (0.5-4 Hz) without altering the fastest modulations occurring during UP states (Fig. 1 F, G; supplemental material, available at www.jneurosci.org). In contrast, AP-5 had no effect on the slopes of UP states (Fig. 1C) , UP state duration (507 Ϯ 20 and 505 Ϯ 11 ms), and input resistance (40.3 Ϯ 8.6 and 41.0 Ϯ 12 M⍀; baseline and AP-5, respectively). Thus, the data show a marked contribution of NMDARs to MSN depolarization during UP states.
NMDAR antagonists reduce spontaneous firing of striatal ensembles
To characterize NMDAR contribution to spontaneous firing in the striatum, we recorded the discharge activity of striatal ensembles through a multielectrode located at 0.5-1 mm from the dialysis probe in an additional group of rats (Fig. 2 A, B) . Striatal MUA was markedly modulated by slow waves. Most spikes occurred during the active part of slow waves (Fig. 2C) , which in our deep LFP recordings has positive polarity ( Fig. 1 E) (Kasanetz et al., 2006) . This is in agreement with published findings and indicates that most of the recorded spikes belonged to MSNs, because they only fire spontaneously during UP states (Wilson, 1993; Mahon et al., 2001; Kasanetz et al., 2002) . We identified 72 channels with stable MUA along 30 min of baseline recording in nine rats, averaging 8.0 Ϯ 1.1 channels per rat. In five rats (42 channels), AP-5 (100 M) visibly reduced spontaneous firing rate to 56% of baseline (78.5 Ϯ 10.6 versus 140 Ϯ 15 spikes/min per channel, respectively, p Ͻ 0.05), without modifying the cortical LFP (baseline: 0.83 Ϯ 0.04 Hz, 53 Ϯ 1.6%; AP-5: 0.80 Ϯ 0.03 Hz, 54 Ϯ 2.2%; peak frequency and relative power, respectively, as assessed from auto-spectra). Striatal activity showed complete recovery 40 min after discontinuing AP-5 (130.2 Ϯ 20 spikes/min per channel) (Fig. 2 D, E) . We also examined the effect of the competitive NMDAR antagonist CGP39551 (20 M) in four rats (30 channels). MUA dropped to 27.2% of baseline after 30 min of CGP39551 infusion ( p Ͻ 0.05, n ϭ 4) (Fig. 2 F) . No recovery was observed 1 h after discontinuing CGP39551 infusion.
In addition to MUA proceeding largely from MSNs, some channels exhibited spikes all over the slow wave (Fig. 2C) , which could correspond to tonically active neurons (TANs). Supposedly, TANs are cholinergic interneurons and represent Ͻ5% of the striatal neurons (Apicella, 2007) . Because of intrinsic mechanisms, cholinergic interneurons exhibit tonic discharge (Bennett and Wilson, 1999) . To determine whether the NMDAR modulates TANs in vivo, we performed spike sorting on MUA to separate spikes belonging to TANs from those belonging to neurons locked to the slow wave. We defined TANs by inspecting circular plots depicting spike occurrences as function of the phase angle of the slow wave. Seven neurons with roughly uniform circular distribution (i.e., similar probability of firing during active and silent parts of the wave) and firing rate Ͼ2 spikes/s were grouped as TANs (Fig. 3A-C) . With comparative purposes, we also identified in neighboring channels 14 units that fired during the active part of slow waves. However, as we found difficult to sort reliably units firing at very low rates, we refrain from concluding that these spikes belonged exclusively to MSNs, which usually fire less than once per second. Moreover, some cholinergic interneurons and most fast spiking interneurons fire in consonance with slow waves (Reynolds et al., 2004; Mallet et al., 2005) . Thus, these phasic units most likely represent a mixture of MSNs, fast spiking interneurons and cholinergic interneurons. AP-5 (100 M) reduced phasic units' discharge from 1.47 Ϯ 0.24 -0.33 Ϯ 0.07 spikes/s ( p Ͻ 0.001), without affecting TANs located nearby (baseline: 3.74 Ϯ 0.34 spikes/s, AP-5: 3.09 Ϯ 0.57 spikes/s) (Fig. 3D,E) . Thus, the analysis confirmed that NMDAR activation drives the spontaneous firing of MSNs and probably other phasically active striatal neurons.
Discussion
The present study demonstrates that striatal NMDARs contribute directly to drive MSNs to threshold during UP states. Previous studies have shown that exogenous excitatory amino acids induce plateaus and firing in striatal neurons in vivo (Herrling et al., 1983) and in vitro (Cepeda et al., 1993; Vergara et al., 2003) via NMDAR selective effects. However, this is the first study to show that striatal NMDAR activation by physiological signals gates information flow during UP states in the striatum in vivo.
It is accepted that cortical inputs induce the UP state in MSNs (Wilson, 1993; O'Donnell and Grace, 1995) . Modeling studies have suggested that a sufficiently large depolarization initiated by AMPAR could remove Mg 2ϩ block from the NMDA channel, allowing its synaptic activation during UP states (Wolf et al., 2005; Kepecs and Raghavachari, 2007) . However, there is a debate as to how the NMDAR contributes to UP states. One biophysical model suggests that synaptic activation of a sufficiently large NMDA current can induce the UP state (Kepecs and Raghavachari, 2007) . In agreement with this model, bath application of NMDA elicits recurrent plateaus in MSNs in slices. These plateaus can stand the blockade of AMPAR but not addition of AP-5 (Vergara et al., 2003) . Our results showing that MSNs exhibit UP states despite local delivery of AP-5 are consistent with findings based on the systemic administration of noncompetitive NMDAR antagonists (Wilson and Kawaguchi, 1996; O'Donnell and Grace, 1998; Mahon et al., 2001 ) and do not support that NMDARs are necessary during UP state onset in vivo. A second model predicts that the NMDA current is delayed relative to the AMPA current during UP state onset (Wolf et al., 2005) . This model MSN displays UP states even in complete absence of NMDA current, which are dependent on AMPAR synaptic input. Moreover, the main contribution of the NMDA current, because of its slow deactivation, is to UP state amplitude and firing, with increasing effects on the decay time to the DOWN state at high NMDA/AMPA ratios (Wolf et al., 2005) . Our results are in general agreement with this model, but we could not confirm that NMDARs shape transition to the DOWN state. However, bath application of AP-5 shortens UP states in organotypic corticostriatal cultures (Tseng et al., 2007) . Perhaps NMDARs have more influence on corticostriatal transmission in vitro, or the effects seen in vitro involve cortical NMDARs. Moreover, we found no contribution of NMDARs to the fastest membrane potential modulations occurring during UP states. Certainly, our findings fit better with the view that continued fast synaptic input rather than slow NMDAR currents outlasting an initial glutamatergic drive sustain MSN UP states in vivo.
The effects seen in MSNs in our study may involve other cellular elements of the striatum. In this sense, nitric oxide contributes to UP state amplitude in MSNs (West and Grace, 2004) . This, together with evidence showing that burst stimulation of the frontal cortex promotes nitric oxide production by striatal interneurons via NMDAR activation (Sammut et al., 2007) , suggested that nitric oxide interneurons exert feedforward excitation on MSNs (Ondracek et al., 2008) . However, nitric oxide effect relied on an increase in MSN input resistance, which is at odds with our findings. Our results are unlikely to be a result of NMDAR blockade in fast spiking interneurons, as this should have released MSNs from inhibition (Mallet et al., 2005) . Last, we found that putative cholinergic interneurons showing tonic discharge during periods of low cortical input were insensitive to NMDAR antagonists. This is consistent with in vitro studies showing that cholinergic interneurons are less sensitive to NMDA than MSN (Cepeda et al., 2001 ). Although we cannot rule out a contribution of network mechanisms to the effects of NMDAR antagonists with this in vivo approach, the data show a marked NMDAR modulation of MSNs' spontaneous firing.
The functional implications of NMDAR gating of striatal firing remain speculative. As in other brain regions (Daw et al., 1993; Schiller and Schiller, 2001) , striatal NMDARs could be involved in online information processing. A recent slice study shows that NMDA can induce coordinated sequences of UPs and burst firing in striatal assemblies, which could reflect pattern generation by striatal microcircuits (CarrilloReid et al., 2008) . However, current studies often assume that striatal NMDARs are selectively recruited during learning to induce plasticity but do not contribute to performance (Atallah et al., 2007) . Indeed, there is limited evidence that NMDARs support striatal firing in behaving animals (Sandstrom and Rebec, 2003) . Although UP states have been reported in nonanesthetized rats (Wilson, 1993) , our findings may be more relevant for information processing in slow wave sleep, because of its similarity with the brain state induced by urethane (Steriade et al., 2001; Mahon et al., 2006) . Recent studies see slow waves as a global process, extending beyond the thalamocortical system to the hippocampus (Isomura et al., 2006) and striatum (Kasanetz et al., 2008) , during which patterns of activity related to previous experience are replayed in all these structures (Wilson and McNaughton, 1994; Pennartz et al., 2004; Ribeiro et al., 2004) . Moreover, reactivations of NMDARs over days or weeks could be necessary for memory consolidation (Wang et al., 2006) . Thus, NMDAR gating of striatal firing could allow off-line processing of cortical input, supporting systems level consolidation (Dudai, 2004 ) and reinforcing changes in corticostriatal synapses that form part of a memory trace (Pawlak and Kerr, 2008) . . NMDAR-dependent striatal firing during slow waves. A, Diagram illustrating the striatal location of the dialysis probe and multielectrode (ME). B, Microphotographs showing the location of the microdialysis probe (left; transmitted light) and electrode shanks (right; DiI fluorescence in an adjacent section) in a representative experiment. C, Spontaneous activity recorded through seven striatal channels simultaneously with the frontal cortex LFP in a representative experiment (baseline). Note that most striatal neurons fired in relation with the slow wave (Kasanetz et al., 2006) . The seventh channel shows tonic activity. D, Time course of striatal MUA during the same experiment, illustrating AP-5 effect (100 M). Each line represents a channel, except for the thick one, which is the average of all channels. The dashed line corresponds to the seventh channel in C. Within each channel, MUA was normalized to baseline discharge rate. The gray shading indicates epochs from which data were collected for the comparisons shown in E. E, Effect of AP-5 (100 M) on striatal MUA in five rats. F, Effect of CGP39551 (20 M) in four rats. *p Ͻ 0.05 versus baseline, Dunnett's test after repeated measures ANOVA; data are mean Ϯ SEM.
